The transport of substrates is one of the main tasks of biomolecular machines in living organisms. We report as ynthetic small-molecule system designedt oc atch, displace, and release molecular cargo in solution under external control. The system consists of ab istable rotaxanet hat behaves as an acid-base controlled molecular shuttle, whose ring component bears at ether endingw ith an itrile group. Thel atter can be coordinated to ar uthenium complex that acts as the load, and dissociated upon irradiation with visible light.The cargo loading/unloading and ring transfer/return processes are reversible and can be controlled independently.T he robustc oordination bond ensurest hat the cargo remains attached to the device while the transportt akes place.
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Ak ey biological function of molecular machines is the controlled and directed transport of substrates within cells. [1] While small moleculesand ions diffuse to where they are needed, entities such as vesicles or organelles are too large to diffuse throught he cytosol and need to be transported by motor proteins. These devices contain am otor domain that movesd irectionally along at rack by consuming adenosine triphosphate (ATP) as af uel, and an extremity to which appropriate cargos can be attached and detached on demand. Indeed, the development of synthetic nanoscale machines [2] that can actively transport molecular or ionic substrates [3] along specific directions [4] is as timulating task in nanoscience and can open up unconventional routesincatalysis, smart materials, energy conversion and storage, and medicaltherapy. [5] Here we present as tudy aimed at developing af ully synthetic [6] small-molecule system that possesses the structural and functional elements to carry out controlled and directed transport of an anometer-scale cargo. Our strategy (Figure1) relies on ab istablem olecular shuttle [7] -a rotaxane in which the ring component can be displaced reversibly between two positions alongt he track component in response to external stimulation-whose ring component is equipped with ad ock-ing site to which the cargo can be attached and detached. [8] From af unctional point of view,t he design of such ad evice must consider the following requirements:i )the cargo loading/unloading and ring transfer/return processes should be independentf rom one another,a nd controlled by orthogonal stimuli,i i) they should be reversible, and iii)the cargo should remainb ound to the machine during the shuttling. Examples of reversibles witching amongm ore than two structurally different (supra)molecular states in response to distinct noninterfering stimuli, as shown in Figure1 [points( i) and (ii)], are rare. [9] Point (iii)i sa lso very challenging, especially in combination with the first two requirements,a si tcalls forthe use of kinetically inert bonds for the cargo-transporter link rather than dynamic supramolecular interactions. [10] The system is based on a[ 2]rotaxane architecture comprising ad ibenzo[24]crown-8 (DB24C8)-type ring interlocked with ad umbbell component that possesses two different recognition sites, namely ad ibenzylammonium (A) and a4 ,4'-bipyridinium (B) sites (Figure 2a ). [11] Rotaxanes of this kind behavea s chemically controlled bistable molecular shuttles. [11] We prepared rotaxane 1H 3 + in which the DB24C8 ring is endowed with as hort tether ending with an itrile unit that can serve as an anchorf or thec argo (Figure 2a and Scheme 1), following published procedures (see the SupportingI nformation). Our results show that in acetone, the molecular ring in 1H 3 + occupies the As ite;t he addition of 1equiv of ap hosphazene base (P 1 -tBu) affords quantitatively 1 2 + in which the ring encircles the Bs ite. The addition of as toichiometric amount of acid (CF 3 SO 3 H) to 1 2 + ,w ith respectt ot he previously added base, regenerates 1H 3 + and the ring returns to the Asite. In addition to 1 HNMR and UV/Vis spectroscopy,t he mechanical switching process schematized in Figure 2a can be conveniently observed by voltammetry.The cyclic voltammogram of 1H 3 + (Figure 2b ,t race I) exhibits two reversiblem onoelectronic reduction processes with E 1/2 values at À0.35 and À0.75 Vv ersus the saturated calomel electrode (SCE), clearly assigned to the bipyridiniumu nit. These values are consistentw ith ac o-conformation in which the ring is located on the As ite and does not interactw ith the Bs ite. The addition of base to 1H 3 + affords 1 2 + ,w hose reduction processes (Figure 2b ,t race II) are both significantly shiftedt om ore negative potentials. Such an observation clearly indicates that the bipyridinium site is now surrounded by the ring and is involved in charge-transfer interactions. [11, 12] The initial voltammetric pattern is restored upon successive addition of acid that regenerates 1H 3 + (Figure 2b ).
For the cargo loading/unloading reaction, we exploitedt he photochemical decoordinationa nd thermalr ecoordination of ligandsi na ppropriately designed ruthenium(II) diimine complexes( Figure 3a ). [13, 14] In complexes with some distorsion from the octahedral geometry,s uch as [Ru(tpy)(bpy)L] 2 + -type species( tpy = 2,2';6',2"-terpyridine, bpy = 2,2'-bipyridine),t he metal-centered (d-d) excited state ( 3 MC) is lowered in energy such that it can be thermally populatedf rom the lowest metal-to-ligand charge-transfer state ( 3 MLCT) which, in turn, is efficiently obtained by excitation with visible light. As the 3 MC state is strongly dissociative, light excitation in this kind of complexes results in the selectivee xpulsion of the monodentate ligand and its replacement by solventm olecules or other enteringl igands; [14] successively,t he thermally driven recoordination of the expelledl igand may take place in the dark. In recenty ears, the combinationo ft his kind of reactionw ith cleverlyd esigned molecular and supramolecular species has led to the construction of interesting photoactive systems. [15] The photochemical ligand expulsion and thermal recoordination was first investigated on the model complex [14] [2·CH 3 CN] 2 + by monitoring the resonance of the bpy protoni n the a-position and close to the monodentate ligand (H a in Figure 3a ). Such as ignal is observed as ad oublet centered at 9.92 ppm in the 1 HNMR spectrum of [2·CH 3 CN] 2 + (Figure 3b , trace I). After 2h of visible light irradiation this doublet disappears and anothers ignal, assigned to [2·(CH 3 ) 2 CO] 2 + ,s hows up at 9.73 ppm, indicating that the acetonitrilel igand hasb een ChemistryOpen 2016, 5,120 -124 www.chemistryopen.org quantitatively dissociated (Figure 3b ,t race II). Another less intense doublet at 9.84 ppm is observed, tentatively attributed to the [2·H 2 O] 2 + species, in which the coordination position left vacant by the leaving CH 3 CN ligand is occupied by an adventitious water molecule. If the irradiated solution is left in the dark, the signal corresponding to [2·(CH 3 ) 2 CO] 2 + decreases and those related to [2 L] 2 + (L = CH 3 CN and L = H 2 O) are both enhanced (Figure 3b,t race III) . The integration of the NMR signals shows that after seven days, when the equilibrium is reached, the initial [2·CH 3 CN] 2 + complex is regenerated with 35 %y ield. The changes in the coordinations phere of the cargo 2 2 + can also be followed by voltammetric methods (see the Supporting Information). The complex [2·CH 3 CN] 2 + shows am etal-centered reversibleo xidation process at + 1.35 Vv s. SCE. This signal disappearsu pon irradiation with visible light and another irreversible process with ap eak potentialo f + 1.07 Vi so bserved.I na greement with the NMR results, we assign this new peak to the Ru II -Ru III oxidation in the [2·(CH 3 ) 2 CO] 2 + species. The peak broadens and shifts furthert o less positive potentials upon aging in the dark. Presumably, under the conditions employedf or the voltammetric experiments,t he weakly bound acetone molecules are replaced by more effective ligands, such as water molecules, anions, or other impurities.
It is worth noting that [2·CH 3 CN] 2 + is insensitive to the addition of the base used to operate the molecular shuttle, and its photoproduct is insensitive to the presence of triflic acid. Both 1H 3 + and 1 2 + are not affected by visible light irradiation. Considering that the coordination bond linking the cargo to the transporter is kinetically inert at room temperature in the dark, we anticipated that our system could fulfill the functional requirements discussed above.
The cargo-loaded transporter [1H·2] 5 + was obtained by visible light irradiation of an acetones olution of [2·CH 3 CN] 2 + in the presence of 7e quivalents of 1H 3 + for 10 ha tr oom temperature( Scheme 1). As discussed above, voltammetric techniques are particularly useful to monitort he in situ operation of the molecular transporter:t he two reversible monoelectronic reduction processeso ft he bipyridinium unit of the rotaxane are diagnostic for the position of the DB24C8-type ring along the axle (Figure 3a) , whereas the position of the Ru II -Ru III oxidation peak can be used to determine whether the cargo is attached to the rotaxane or not. Figure 4s hows ac omparison of the differential pulse voltammetric( DPV) peaks measured in the potentialw indow comprised between À0.7 and + 1.5Vvs. SCE for the transporter-cargo system duringi ts stimuli-controlled switching cycle. The DPV trace of the loaded transporter [1H·2] 5 + exhibits the expected bipyridinium reductiona nd the Ru-centered oxidation (Figure 4 , trace I);t he correspondingp otential values are consistentw ith the ring being located on the As ite and the cargo being coordinated to the nitrile moiety of the transporter.T he addition of the base causes an egative shift of the reductionp rocess and no significant change in the oxidation peak potential, indicating the displacemento ft he ring from A to Bw ith the Ru complex attached to it (Figure 4, trace II) . Successive irradiationi nt he visible (l > 400 nm) causes the com-plete detachment of the cargo, as witnessed by the disappearance of the oxidation peak at + 1.34 Va nd the growth of signals at less positive potentials (Figure 4, trace III) . The invariance of the reduction peak at À0.53 Vi ndicates that the ring is still occupying the Bs ite. The DPV scan obtaineda fter acidification of the solution (Figure 4, trace IV) shows that the unloaded ring goes back to the As ite. At this point, in principle, the transporter would be ready to be reloaded with another cargo molecule. Practically,h owever,t he thermally driven reloading in situ after the electrochemical experiments described in Figure 4w as not obtained, most likely because the weakly bound solventm olecule that occupies the coordination position made free in [Ru(tpy)(bpy)] 2 + after photodissociation is replacedb yastronger ligand and the complex is no longer availablef or recoordination to the molecular transporter (see above), which by the way is present in stoichiometric amount.
To investigate further the coupled operation of the switching processes in our system, we generated the unloadedt ransporter 1H 3 + and the [2 L] 2 + cargo in a1 :1 ratio by visible light irradiation of [1H·2] 5 + ,a nd we successively left the solutioni n the dark at room temperature (see the Supporting Information). The analysis of the DPV peak intensity indicates that the thermally driven recoordination of the Ru complex to obtain the [1H·2] 5 + species takes place with ay ield of about 30 %, in agreement with the results obtainedf or the [2 L] 2 + complex. Thereafter,e lectrochemical measurements revealed that the so-producedreloaded transporter can be displaced by addition of base and unloaded photochemically.I nt his experiment, however,t he addition of acid to complete the cycle (Figure 1 ) causedadegradation of the system, presumably because the products arising from thermal recoordination of the photodissociated 2 2 + complex undergo ad ecomposition reactioni n the presenceo fa cid.
In summary,w eh aver ealized as trategy for capturing, transporting, and releasing am olecular substrate with as ynthetic Figure 4 . Differential pulse voltammograms (acetone/TBAPF 6 ,400 mm, 20 mV s À1 )ofasolution of the loaded transporter[ 1H·2] 5 + (I) subjected to the following sequence of stimuli:additiono f1equiv of the P 1 -tBu base (II), irradiationa tl > 400 nm for 1h(III), and addition of 1equiv of CF 3 SO 3 H(IV). ChemistryOpen 2016, 5,120 -124 www.chemistryopen.org molecular machine in solution under control of externals ignals. Owing to the orthogonality of the reactions and the stimuli at the basis of the working mechanism, the loading/unloading and transfer/return processes can be controlledi ndependently.T he robustc oordination bond ensures that the cargo remains attached to the transporter during the displacement. The shuttling process is fully reversible both for the loaded and unloadedt ransporters, and the photochemical unloading of the cargo proceeds with high yields;t he thermally driven in situ reloading, however,i sn ot completely efficient and generates byproducts that interferew ith the operation of the machine.
An importantf eature of the transporter approach is that the transport direction is fixed and dictated with nanoscale precision by the orientation of the track with respectt oi ts surroundings. To this purpose the track should be immobilized in some way (e.g.,d eposited on as urface, embedded in am embrane,orh eld still at its extremities) whilemaintaining its functionality.C ompartmentalizationo ft he solutionb ym eans of membranes would also help minimizing undesired interferences of the machine with its cargo.T hese ambitious goals, however,a re well beyondt he scope of the presentw ork. The gain in directionality is balanced by the slow transport rate:o nt he basis of kineticd ata obtainedo naparent rotaxane under similar conditions, [11b] the shuttling is expected to need hundreds of milliseconds at room temperature, while the cargo would cover the same distance (ca. 0.7 nm) [11, 12] in less than 1nsb y diffusion. [16] Research aimed at improving the reversibility,e fficiency,a nd general applicabilityo ft he transport strategy,i ncreasingt he transport distance, [17] and incorporating the rotaxanes in heterogeneouss tructures [18] is underway in our laboratory.
Experimental Section
Materials. All reactants and solvents for synthesis were purchased from Sigma Aldrich and used without further purification. Dry solvents were bought dry and used directly.S pectroscopic grade (Uvasol) acetone and tetrahydrofuran (THF) were purchased from Merck;f errocene and triflic acid were purchased from Aldrich;t etrabutylammonium hexafluorophosphate (TBAPF 6 )a nd phosphazene base N-tert-butyl-N',N',N'',N'',N''',N'''-hexamethylphosphorimidic triamide (P 1 -tBu) were purchased from Fluka. All chemicals were used as received. P 1 -tBu and triflic acid were added in the electrochemical cell or in the cuvette from ac oncentrated solution (typically 4mm): P 1 -tBu was dissolved in acetone, whereas triflic acid was dissolved in THF immediately prior to use to avoid solvent polymerization.
Synthesis. The unloaded rotaxane [1H](PF 6 ) 3 ,i ts dumbbell-shaped and ring components, and the Ru II complex [2·CH 3 CN](PF 6 ) 2 were prepared according to published procedures, with modifications. A complete description of the synthetic methodologies and the characterization data (mass spectrometry and 1 Ha nd 13 CNMR) are reported in the Supporting Information.
Electrochemical measurements. Cyclic voltammetric (CV) and differential pulse voltammetric (DPV) experiments were carried out at room temperature in Ar-purged acetone (Uvasol) with an Auto-lab 30 multipurpose instrument interfaced to aP C. Ag lassy carbon working electrode, aP tw ire counterelectrode, and an Ag wire pseudoreference electrode were employed;f errocene was present as an internal standard. The concentration of the compounds under examination comprised between 210 À4 and 410 À4 m; TBAPF 6 (0.04 m) was the supporting electrolyte. Cyclic voltammograms were obtained at sweep rates varying typically from 0.02 to 1Vs À1 ;D PVs were performed with as can rate of 20 mV s À1 ,apulse height of 75 mV,and aduration of 40 ms.
UV/Vis spectroscopy and photochemistry. Absorption spectra were recorded with aV arian Cary 50Bio, Agilent Technologies Cary 300, and PerkinElmer Lambda45 spectrophotometers, on air-equilibrated acetone solutions at rt (~20 8C), with concentrations ranging from 1.0 10 À5 to 2.5 10 À3 m.S olutions were examined in 1cmo r1mm spectrofluorimetric quartz cells. Photochemical reactions were performed on thoroughly stirred acetone solutions at rt (ca. 20 8C) using a1 50 Wt ungsten halogen lamp equipped with ac utoff filter (l = 388 nm). Samples were irradiated either directly in the electrochemical cell or in as ealed cuvette. Further NMR and UV/Vis spectra and voltammetric results of switching experiments carried out on both the unloaded and loaded molecular transporters are reported in the Supporting Information.
